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Incremental sheet forming (ISF) has gained much attention in the low volume production and rapid 
prototyping fields due to its inherent flexibility, low-overhead cost, and die-less nature. However, the 
geometric inaccuracy of the final achievable parts hinders this process from becoming commercially 
viable. One of the major sources of geometric inaccuracy is springback, which predominately occurs 
when the formed sheet metal is unloaded by the forming tools and released from the clamps. This 
paper focuses on the latter case. A practical annealing method that does not rely on complicated setups 
and geometry-specific compensation algorithms is proposed to reduce the springback that occurs after 
the unclamping process. Two clamping devices were developed, which have been demonstrated to 
significantly reduce the amount of springback. The capability of reducing springback by the proposed 
method and its potential of integrating it with other geometric accuracy improvement methods will 
enhance the ISF process towards future industrial applications. 
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1 Introduction 
Incremental sheet forming (ISF) is a die-less forming process with several desirable characteristics, 
particularly for small batch production and prototyping of sheet metal parts. In incremental sheet 
forming, a sheet of metal is securely clamped and constrained peripherally and is locally deformed by 
one or more generic hemispherical-ended tools moving along a pre-defined trajectory. The 
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accumulation of localized deformations results in the final part shape. ISF provides greater process 
flexibility, higher formability and eliminates tooling cost while requiring a relatively low energy 
demand, when compared to conventional sheet forming processes such as stamping (Dittrich et al., 
2012). With the increasing demand for customization in manufacturing, incremental forming with its 
inherent flexibility and negligible tooling cost is an ideal process for low-volume, high-complexity 
sheet forming. Part accuracy, however, is still not sufficient for commercial use in most cases (Jeswiet 
et al., 2005).  
One of the predominate sources of geometric inaccuracy in incremental forming is due to 
springback. The undesirable dimensional changes that occur upon removal of the clamping constraints 
after forming, due to the occurrence of primarily elastic recovery of the part, is generally referred to as 
springback (Cheng et al., 2007). In the incremental sheet forming process, springback of the formed 
parts may involve the following four components (Essa and Hartley, 2011): (1) local deformation 
during the forming process, (2) springback after unloading the forming tool or tools, (3) global 
springback after releasing the formed parts from the clamping devices, and (4) springback induced by 
the trimming process.  
There have been numerous investigations related to heat-assisted incremental sheet forming 
processes to reduce global springback. For instance, Duflou et al. (Duflou et al., 2007) and Göttmann 
et al. (Göttmann et al., 2011) improved the geometric accuracy of formed parts by laser-assisted 
incremental forming, where the material was locally heated by a laser beam. Electrically-assisted 
incremental forming has shown similar capabilities for springback reduction (Ambrogio et al., 2012, 
Fan et al., 2010, Meier and Magnus, 2013). Ortiz et al. (Ortiz et al., 2014) heated the material globally 
during the incremental forming process by placing a furnace below the sheet metal. Al-Obaidi et al. 
(Al-Obaidi et al., 2015) combined induction heating with the incremental sheet forming process. 
These heat-assisted incremental forming processes exhibited reduced springback effects. However, 
they also required the integration of in-situ equipment, e.g., lasers or electrical currents, which 
increase the complexity of the process setup and control. Additionally, the introduced thermal stresses 
may contribute to springback after the parts are unclamped. 
Other researchers proposed toolpath modifications to compensate for springback. Ambrogio et al. 
(Ambrogio et al., 2007) introduced an analytical model for truncated pyramid parts to over-deform and 
compensate for the springback that occurred after unloading the forming tool but before removing the 
part from the clamps. Fu et al. (Fu et al., 2013) developed a closed-loop toolpath correction algorithm 
for a truncated pyramid part. A multi-stage forming strategy that reduced local springback in the final 
forming step compared to single-stage forming was suggested by Bambach et al. (Bambach et al., 
2009). Although all of these approaches have shown improvements in springback reduction, the use of 
toolpath modification for springback compensation still lacks robustness because of its dependence on 
part geometry and related residual stress distribution. 
Previous investigations were primarily directed towards springback that occurred before the 
unclamping stage. There has been little work done to address springback after releasing the formed 
part from the clamps. In this work, the authors propose a stress-relief annealing method to address 
springback that occurs during the unclamping stage. In the proposed method, the part is removed from 
the clamping system of the incremental forming machine after the forming process and placed in a 
portable clamping device. The part and portable clamping device are then placed into a furnace and 
annealed. It is worth mentioning that this proposed annealing method has the potential of being 
coupled with other springback reduction methods. The aforementioned methods for reducing 
springback before unclamping can be unaffectedly applied. Furthermore, the geometric accuracy of 
the part after trimming can significantly benefit from the stress-relief annealing as well (Bambach et 
al., 2009).  
In this work, in Section 2, two clamping devices are first designed for constraining the formed part 
during the annealing process. Secondly, a metrology for evaluating springback is introduced. The 
performance of this annealing method on two different geometries is illustrated afterwards. It will be 
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shown in Section 3 that the springback generated during the unclamping process is considerably 
reduced by the proposed method. Conclusions drawn from the experiments and possible future works 
are discussed in Section 4. 
2 Methodology 
The specifications of the incremental forming process, including the material, the experimental 
configuration, part geometries, and the process parameters, are given in Section 2.1. The design of two 
portable clamping devices for the annealing process is introduced in Section 2.2. A simple method for 
annealing parameter selection is described in Section 2.3. The evaluation method for the springback 
behavior of the formed part is presented in Section 2.4. 
2.1 Experimental Setup for the Incremental Forming Process 
The sheet material used in this work was 0.5 mm thick aluminum alloy AA2024-T3, with its 
mechanical properties listed in Table 1.  
Yield strength 
(MPa) 




305 455 16 
Table 1: Material properties of AA2024-T3 
The experiments were performed using a custom-built ISF machine system (Figure 1) at 
Northwestern University. The machine has a forming area of 250 mm × 250 mm and has a positioning 
accuracy within 30 μm.  
 
Figure 1: ISF machine system: (a) DSIF machine; (b) clamping system; (c) forming tools. 
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A pyramidal geometry and an axisymmetric conical geometry (Figure 2) were designed for 
evaluation purposes, termed as “pyramid” and “cone” parts, respectively. The aluminum sheet 
material was cut to 310 mm × 310 mm. The material outside of the forming area was fully constrained 





Figure 2: Drawings of the desired geometries (unit: mm): (a) pyramid; (b) cone. 
The parts were formed by Single Point Incremental Forming (SPIF). In SPIF, a peripherally-
clamped sheet metal is locally deformed by a single hemispherical ended tool moving along a pre-
programmed toolpath. A spiral toolpath with incremental depth, or pitch, of 0.2 mm was selected to 
define the motion of the forming tool which was made of A2 tool steel. A tool speed and tool diameter 
of 10 mm/s and 10 mm, respectively, were chosen for all SPIF experiments. No backing plate was used 
in the experiment. 
The formed parts after unclamping are shown in Figure 3. Undesired distortion can be observed in 
both the pyramid and cone parts due to springback after unclamping. This example further supports 





Figure 3: Formed parts after releasing from the clamps: (a) pyramid; (b) cone. 
2.2 Design of Clamping Devices for the Annealing Process 
To relieve the residual stresses that cause springback, the authors propose an annealing process 
using a portable clamping fixture for the part. Two portable clamping devices (Figure 4) with the same 
clamping area as the one used in the incremental forming process were designed in order to maintain 
the part geometry as formed throughout the annealing process. Both clamps were made of low-carbon 
steel. The clamps and the formed parts were fixed by bolts, nuts and washers prior to the annealing 
process.  
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A fixed clamp (Figure 4a) was designed first because of its simplicity in manufacturing and serves 
as a good basis for comparison to other clamping designs. The thickness of the fixed clamp on each 
side was 1.5 mm. 
During the annealing process, plastic deformation on the clamped part in the fixed clamp design is 
likely to be present because of the difference in thermal expansion between the clamp and the sheet 
metal, especially if clamping friction is significant. To address this issue, a roller clamp (Figure 4b) 
was also designed with the goal of reducing the friction between the formed part and the clamps and, 
thereby, preventing the formed parts from undesirable plastic deformation caused by the annealing 
process. The thickness of the roller clamp on each side was 6 mm. Linear flat roller strips (BF-3020 
made by NTN) were used, and MoS2 powder was applied to the rollers to further reduce friction. 
The formed parts fixed in the clamping devices were placed into a furnace and underwent a stress-
relief annealing process. The annealing parameters were determined by the method introduced in the 
next section. The clamped parts were then taken out from the furnace and cooled in air to room 







Figure 4: Clamp design for annealing process (unit: mm): (a) fixed clamp; (b) roller clamp. 
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2.3 Annealing Parameter Selection Method 
Strip bending tests were often utilized in order to evaluate springback under different process 
conditions (Wang et al., 1993, Wang et al., 2004, Yu and Johnson, 1983). In order to choose the 
annealing temperature and the corresponding annealing time for satisfactory springback reduction, a 
strip bending test coupled with the annealing process was used.  
Strips were cut from the same batch of the material used in the aforementioned studies with 
dimensions given in Figure 5a. The strips were deformed under bending within a semi-cylindrical die 
by a matched round-end punch (Figure 5b). Both the die and the punch were made of low-carbon 
steel. A constant punch load of 4.9 kN was applied to the strips by a Carver Standard Press. The 
deformed strip was then clamped onto a block of the same thickness as the punch by a C-clamp 
(Figure 5c) and annealed in the preheated furnace at various annealing temperatures and annealing 
times, i.e., the soaking time at the set annealing temperature. According to the ASM Handbook 
(Handbook, 1991), for the material used in this study, stress-relief annealing employs temperatures up 
to about 345 C̊. Therefore, the annealing temperatures investigated in this study were 200 ̊C, 250 C̊, 
300 ̊C and 350 ̊C. Annealing times of 15 min, 30 min and 60 min were used at each of the annealing 
temperatures. The annealed and clamped strips were cooled in air to ambient temperature (at a cooling 
rate of approximately 5 ̊C/min). Each experiment was repeated three times. After the annealing 
processes, the strips were released from the clamps, and the strip angle ߠ (Figure 5d) was measured 
via a digitized image.  
 
 
Figure 5: Annealing parameter selection setup (unit: mm): (a) specimen dimension; (b) bending test configuration; 
(c) clamping before the annealing process; (d) definition of strip angles. 
To evaluate the effectiveness of the stress-relief annealing processes on springback reduction, the 
shape recovery % was evaluated that is given by: 
 
shape recovery ൌ ఏ್ିఏೌఏ್ିఏ೔ ൈ ͳͲͲΨ         (1) 
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where ߠ௜  is the initial strip angle before unloading the punch, which equals to zero in this study 
(Figure 5b); ߠ௕ is the baseline strip angle before annealing and after completely releasing the strip 
from the punch and die (Figure 5d), which averages 39.9 ̊ in this case; ߠ௔ is the strip angle after the 
annealing process and unloading the clamps, which varies with annealing temperature and the 
annealing time. The springback angle is ߠ௕ െ ߠ௜, or ߠ௔ െ ߠ௜. The springback angle reduction after the 
annealing process is then ߠ௕ െ ߠ௔. Therefore, a larger value of the shape recovery % indicates that a 
larger springback reduction is achieved by the annealing process.   
The shape recoveries under different annealing conditions are plotted in Figure 6, grouped by 
annealing temperatures. From the results, springback reduction of the strips increases with the increase 
of the annealing temperature and the annealing time. In the following study, annealing temperature 
and annealing time pairs 250 ̊C and 1 hr (shape recovery 80%), 350 ̊C and 1 hr (shape recovery 99%) 
were selected to broaden the range of the study while achieving satisfactory springback reduction. 
 
 
Figure 6: Shape recovery after different annealing processes. 
2.4 Springback Evaluation for the Formed Parts 
There are four stages that characterize the geometry of the formed part: 
1. Original geometry within the clamp. The part has been formed by SPIF and is still 
constrained by either the clamps on the ISF machine system or the portable clamping devices 
in Figure 4. Assuming that springback is entirely due to elastic deformation, one can treat the 
geometries of the part clamped by the machine clamp and of the same part taken out from the 
machine and re-clamped in the portable clamp to be the same. 
2. Freestanding originally formed geometry. The clamps are removed from the formed part. 
3. Annealed geometry within the clamp. The formed part has been annealed and is still fixed in 
the portable clamping devices. 
4. Freestanding annealed geometry. The clamps are removed from the formed and annealed 
part. 
The inner surfaces of the formed parts in Stages 1, 2 and 4 were scanned using a Romer Absolute 
Arm with an integrated laser scanner. Then, Geomagic commercial software was used to generate a 
surface fit of the point cloud. In the current study, springback was evaluated by the geometric 
deviation of the freestanding geometry (Stage 2 or 4) from the original geometry within the clamp 
(Stage 1). The geometric deviation '12 was defined as the normal distance between each point on the 
geometry in Stage 1 to the corresponding point on the surface in Stage 2 (Figure 7a). Similarly, '14 
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represents the geometric deviation between the surface in Stage 1 and the surface in Stage 4 (Figure 
7b). 
The root mean square (RMS) value of the deviations over a centered area of 160 mm × 160 mm 
was used as a criterion to compare the springback behaviors. Because two different clamping devices 
were utilized, the surface of the formed part in Stage 4 was compared to the surface in Stage 1 with the 




   
(b) 
Figure 7: Sample 3D deviation map of the original pyramid surface within the clamp: (a) '12; (b) '14.  
3 Results 
Two example photos of the freestanding annealed parts (Stage 4) are shown in Figure 8, which 
demonstrate that a significant amount of springback reduction is achieved by the proposed stress-relief 
annealing method when compared to the original geometries (Stage 2) given in Figure 3. During 




Figure 8: Examples of freestanding annealed parts: (a) pyramid part annealed with the  fixed clamp at 250 C̊ for 1 
hr; (b) cone part annealed with the roller clamp at 250 C̊ for 1 hr. 
The springback behaviors after the annealing process using different clamping devices in terms of 
the freestanding annealed geometry deviation ('14) RMS are plotted in Figure 9 and Figure 10, 
grouped by different annealing temperatures. The horizontal dashed line in the figure represents the 
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deviation RMS of the freestanding original part without the annealing treatment ('12). The difference 
between '12 RMS and '14 RMS demonstrates the springback reduction due to the annealing process.  
Note that significant reduction of springback was achieved in all cases by stress-relief annealing, 
achieving a sub-millimeter level. Springback was reduced by approximately 90% in the pyramid part 
and 80% in the cone part after the stress-relief annealing process (250 ̊C, 1 hr) using the roller clamp. 
The roller clamp slightly outperformed the fixed clamp for both geometries regardless of the 
annealing temperature. Comparing the two dashed horizontal lines in Figure 9 and Figure 10, 
springback in Stage 2 was more severe in the pyramid part (5.07 mm) than in the cone part (2.13 mm) 
due to its nonaxisymmetric nature. 
The results also reveal that the high temperature of 350 C̊ worsened the springback reduction 
effects. One of the possible reasons for this is the undesired plastic deformations that occur due to the 
differences in the thermal expansion between the clamp and the formed part. In addition, the 
nonuniform cooling rate of the formed part within the clamps and its portion directly exposed to air 
also leads to variations in the cooling rate during the annealing process and, hence, plastic 
deformation. Both effects increase with the annealing temperature. Another possible reason may be 
attributed to the softening of the material at the temperature of 350 C̊ (Genevois et al., 2006) 
increasing the likelihood of distortions.  
 
 
Figure 9: Shape deviation RMS between the freestanding pyramid part and the original part within the clamp. 
 
 
Figure 10: Shape deviation RMS between the freestanding cone part and the original part within the clamp. 
Springback Reduction by Annealing for Incremental Sheet Forming Zhang et al.
704
  
The simple annealing process proposed is an effective and predictable method to reduce 
springback without significant efforts in developing complex setups or using compensation 
algorithms. The method is able to retain part geometry as it is formed prior to the removal of the 
clamps. Therefore, the enhancement of the geometric accuracy of the part before the unclamping stage 
through other methods will have to be performed before the annealing process. Combining both in-
process forming strategies for improving geometric accuracy and the annealing process provides a 
valid means to addressing the geometric accuracy challenge in ISF. The integration of the clamping 
device with the forming machine to avoid the unclamping-and-clamping process is also possible. 
It must be pointed out that the material of the clamping devices needs to be carefully selected 
according to its thermal behavior and stiffness. The rolling condition provided of the roller clamp does 
provide a slightly higher springback reduction, however, not significantly more. Considering the 
complexity in manufacturing and maintaining the roller clamp and the need for frequent maintenance, 
the fixed clamp design can be selected in most cases. Furthermore, this annealing method could be 
optimized in the future to be more energy efficient. 
4 Conclusions 
A considerable amount of springback has been observed after the parts formed by SPIF are 
released from the clamp in the forming machine. Springback the occurs in the unclamping stage has 
been significantly reduced after the parts were annealed under the constraint of a clamping device. 
Two different portable clamping devices were developed in this work, the fixed clamp and the roller 
clamp. The roller clamp had slightly better performance over the fixed clamp. The proposed method 
for springback reduction, particularly for the portion that is due to the release of the clamping system 
in incremental forming, is a simple and robust method, which does not require geometry-specific 
algorithms. The compatibility of this annealing method with other methods performed during the pre-
unclamping stage preserves the improvements of geometric accuracy achieved by these methods. 
Future works involves more in-depth studies of the mechanics of the annealing process for 
springback reduction, which can then lead to the optimization of the annealing process and also to 
springback reduction due to trimming. 
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